The kinetic mechanism of rat liver hexokinase D (' glucokinase ') was studied under non-co-operative conditions with 2-deoxyglucose as substrate, chosen to avoid uncertainties derived from the co-operativity observed with the physiological substrate, glucose. The enzyme shows hyperbolic kinetics with respect to both 2-deoxyglucose and MgATP# − , and the reaction follows a ternary-complex mechanism with K m l 19.2p2.3 mM for 2-deoxyglucose and 0.56p0.05 mM for MgATP# − . Product inhibition by MgADP − was mixed with respect to MgATP# − and was largely competitive with respect to 2-deoxyglucose, suggesting an ordered mechanism with 2-deoxyglucose as first substrate and MgADP − as last product. Dead-end inhibition by N-acetylglucosamine, AMP and the inert complex CrATP [the complex of ATP with chromium in the 3j oxidation state, i.e. Cr(III)-ATP], studied with respect to both substrates, also supports an ordered mechanism with 2-deoxyglucose as first substrate. AMP appears to bind both to the free enzyme and to
INTRODUCTION
Hexokinase D (ATP : -glucose 6-phosphotransferase, EC 2.7.1.1), often known as glucokinase or hexokinase IV, is one of the four glucose-phosphorylating isoenzymes present in vertebrates and plays the role of a glucose sensor in pancreatic β-cells and in hepatocytes [1, 2] . Mutations in its gene in humans are correlated with a type of diabetes, namely maturity onset diabetes of the young (' MODY ') [3] . The enzyme shows a sigmoidal dependence of rate on the glucose concentration [4] [5] [6] , a property of kinetic origin that makes the enzyme sensitive to changes in the blood glucose level.
Although the main models for explaining the cooperative behaviour of hexokinase D have postulated an ordered addition of substrates, with glucose as first substrate [7] [8] [9] [10] , the subject is not closed, and it remains unclear whether the kinetic mechanism is totally ordered. Isotope-exchange studies at equilibrium suggested a small degree of randomness, but no binary E $ MgATP# − complex could be detected [11] . The order of product release has not been clearly established either, on account of the co-operative behaviour, which complicates the data analysis. Some kinetic studies [7] suggested MgADP − as the last product, Abbreviations used : CrATP, the complex of ATP with chromium in the 3j oxidation state, i.e. Cr(III)-ATP ; dGlc (when used in the name of a complex or as part of a kinetic symbol), 2-deoxyglucose ; GlcNAc (when used in the name of a complex), N-acetylglucosamine ; Glc6P (when used in the name of a complex), glucose 6-phosphate ; Nbs 2 , 5,5h-dithiobis-(2-nitrobenzoic acid). 1 This paper is dedicated to the memory of Professor Hermann Niemeyer, whose influence on hexokinase research remains strong. 2 To whom correspondence should be addressed (e-mail cardenas!ibsm.cnrs-mrs.fr).
but isotope-exchange measurements [11] suggested that glucose 6-phosphate was the last product, as a binary E $ Glc6P complex was detected, but no E $ MgADP − complex. Nevertheless, doubts have persisted, because of complications due to the cooperativity. In addition, the possibility of two sugar-binding sites has been raised again recently [12] . There is little [9] or no [8] co-operativity with 2-deoxyglucose, but no detailed kinetic studies have been previously reported with this substrate. This lack of co-operativity allows many of the difficulties for interpreting the kinetics with glucose to be avoided. Although there is also no co-operativity with respect to glucose if MgITP# − is used [13] , or if glycerol is present in the assay at a concentration of 20 % or higher [14, 15] , these conditions are less suitable for determination of the kinetic mechanism because the enzyme is much less active than it is in the normal assay.
In the present study we have examined the kinetic mechanism of hexokinase D with 2-deoxyglucose as substrate, and use deadend inhibition by competititive analogues of substrates, as well as protection studies against inactivation, to elucidate the order of interaction of substrates and of product release. These studies provide evidence for an ordered mechanism of hexokinase D during the catalytic cycle, with 2-deoxyglucose as the first substrate and MgADP − as the last product, with only one binding site for the sugar substrate.
EXPERIMENTAL Reagents
Reagents and auxiliary enzymes were from Sigma or Merck. DEAE-cellulose (DE 52) and DEAE-cellulose paper (DE 81) were purchased from Whatman. [U-"%C]ATP (50 µCi\mmol) was purchased from New England Nuclear.
Preparation of the complex of ATP with chromium in the 3j oxidation state (CrATP)
The complex was prepared by the aniline procedure reported in [16] . Its purity was assayed by the content of phosphate (3 mol) and chromium (1 mol) per mol of adenosine. The visible spectrum was identical with that reported [16] . It was stored at k20 mC and used without further purification.
Purification of hexokinase D
The enzyme was purified from Wistar rat liver [8] . The preparation used in most of our experiments was that obtained at the Sephadex step of purification, with a specific activity of about 1.5 units\mg of protein ; it was not contaminated with the regulatory protein that affects its kinetic parameters [17] , other hexokinases, N-acetylglucosamine kinase, or other activities that could interfere with the measurement. We preferred to use this enzyme instead of the pure one of higher specific activity (70 units\mg of protein) because of its higher stability during the assay, as instability can generate apparent co-operativity as an artefact. Control experiments with the pure enzyme confirmed that homogeneous and partially purified preparations differ only in specific activity (page 45 of [1] ; [5] ).
As a control, in each preparation of hexokinase D the values of K !.& (substrate concentration for half-maximal velocity) and h (Hill coefficient) were determined with glucose as the substrate. Values of K !.& in the range 3.5-5 mM and h in the range 1.4-1.6 were accepted as normal for the pH of 8.0 used.
Enzyme activity and kinetic experiments

Assay of enzyme activity
In most experiments hexokinase D activity with 2-deoxyglucose was assayed by determining the ADP produced in the coupled system with pyruvate kinase (EC 2.7.1.40) and lactate dehydrogenase (EC 1.1.1.27) and excess of phosphoenolpyruvate [8] . In all kinetic experiences the concentration of MgCl # was kept in constant excess of 5 mM over the total concentration of ATP, so that MgATP# − would constitute a high and almost constant proportion of the total ATP over the range of concentrations used (pages 68-70 of [1] ; [18] ). The term ' total ATP ' does not include CrATP, as this species does not equilibrate with other forms of ATP [16] . The reaction mixture was incubated for 3 min at 30 mC without hexokinase D, to transform any contaminant ADP into ATP. It normally contained (in a final volume of 0.5 ml) 80 mM Tris\HCl, pH 8.0, 1 mM EDTA, 100 mM KCl, 2.5 mM phosphoenolpyruvate, 0.4 mM NADH, 2.5 mM dithiothreitol, 2.4 units of lactate dehydrogenase and 1.0 unit of pyruvate kinase. 2-Deoxyglucose and ATP (and inhibitors if present) were at variable concentrations, as specified. The amounts of coupling enzymes used were sufficient for the system to reach a steady state in about 30 s, and the reaction was monitored for several minutes. A pH of 8.0 was preferred to 7.2 or 7.5 in most of these studies, because of the lower K !.& for the sugar substrate at this pH [19] and to favour the formation of the ion MgATP# − , which are important points in mechanistic studies. In addition, there is almost no variation in the limiting velocity with glucose in this pH range (7.0-8.0), and the degree of co-operativity with glucose is not affected [19] . It also facilitates comparison of the results with those obtained in previous studies done with glucose at pH 8.0 [7, 8, 11] . Controls for determining the Nacetylglucosamine kinase activity in partially purified extracts were done with 5 mM MgATP# − and 2 mM N-acetylglucosamine. Determination of the enzyme activity with this or another spectrophotometric method was done in 1 ml cuvettes in a 2400 Gilford spectrophotometer at a constant temperature of 30 mC. The progress curve was monitored for about 10 min to ensure detection of any abnormality ; no unstability was detected at this temperature, even at low substrate concentration. The unit of enzyme activity is defined as the amount of enzyme catalysing the phosphorylation of 1 µmol of 2-deoxyglucose\min under the assay conditions.
The enzyme in the CrATP-inhibition studies was assayed in a reaction mixture that contained (in a final volume of 0.5 ml) 50 mM piperazine-N,Nh-bis-(2-ethanesulphonic acid) at pH 6.9, 2.5 mM dithiothreitol, 100 mM KCl, 0.37 mM NADH, 2. 
Radioactivity determination of ADP
Separation of ["%C]ADP from the reaction mixture was done by ion exchange on DEAE-cellulose paper (DE 81). Radioactivity was measured directly from the paper in a Phillips 4510\01 liquid-scintillation counter as described in [20] with minor modifications. Hexokinase D was incubated at 30 mC in a reaction mixture containing 80 mM Tris\HCl, pH 8.0, 1 mM EDTA, 100 mM KCl, and 2-deoxyglucose and ["%C]ATP at the various concentrations indicated in the Figures. The concentration of MgCl # was kept constant at 1 mM over the nucleotide concentration. During the course of the reaction, 10 µl samples were seeded on chromatography paper and the reaction was stopped with ethanol. Ascending chromatography was usually run for 2-3 h in a solvent that contained 0.6 M ammonium formate buffer at pH 3.1 and EDTA 5 mM over a temperature range between 20 m and 25 mC. The chromatograms were then cut in pieces 2.2 cmi3.5 cm, dried for 10 min, fluted for insertion into scintillation vials, and counted for radioactivity in 10 ml of a mixture of toluene with 4 g of PPO (2,5-diphenyloxazole) and 50 mg of POPOP [1,4-bis-(5-phenyloxazol-2-yl)benzene] per litre. In no case did the results depend on the size or shape of the paper.
Chemical modification with 5,5h-dithiobis-(2-nitrobenzoic acid) (Nbs 2 )
The reaction mixture for the chemical modification contained, in a final volume of 1 ml, 50 mM glycylglycine, pH 8.0, 100 mM KCl, 0.22 mM EDTA, about 0.4 unit of hexokinase D, at variable concentrations of Nbs # and ligands as indicated. At different times, 0.05 ml aliquots were taken and the remaining enzyme activity was assayed with glucose as substrate, using the coupled system with glucose-6-phosphate dehydrogenase to determine the glucose 6-phosphate produced [8] . The assay mixture contained, in a final volume of 0.5 ml, 80 mM Tris\HCl, pH 8.0, 12 mM MgCl # , 1 mM EDTA, 100 mM KCl, 0.5 mM NADP + , Kinetic mechanism of rat liver hexokinase D 0.4 unit of glucose-6-phosphate dehydrogenase (EC 1.1.1.49), 5 mM ATP, 100 mM glucose and hexokinase D as indicated. Other details were as described above. To eliminate the dithiothreitol present in the enzyme preparation, a DEAE-cellulose (DE-52) column (0.5-1 ml of resin) was used, equilibrated with buffer containing : 20 mM glycylglycine, pH 8.0, 0.1 mM EDTA and 150 mM KCl. Usually 0.4 unit of enzyme was put in the column, washing with 20 ml of buffer solution, and eluted with a similar solution with 300 mM KCl.
Statistical analysis of the results
Most of the experimental determinations of initial velocities were done in triplicate, with chart speed set to give a slope close to 45m in the recorder paper for the progress curve. The initial velocities were also measured directly from the spectrophotometer by means of a computer with a linear regression program for the determination of the slopes with their standard errors. After initial examination of the kinetic results in plots of 1\ against 1\a and of a\ against a (where is the rate at a varied substrate concentration, a) and the corresponding secondary plots [21, 22] , curves and kinetic parameters were obtained from the experimental values by non-linear regression [23] , with weights for the values assessed by the program on the basis of internal evidence in the data. This approach avoids the need for the experimenter to make a prior assumption about weighting [23, 24] . For the inhibition studies the results were analysed qualitatively as in Figure 2 of [25] , using a combination of Dixon [26] and Cornish-Bowden [27] plots. This analysis allowed selection of the best equation for the kinetic results obtained with the initial velocity, both in the absence and in the presence of products and dead-end inhibitors. In all cases the kinetic parameters obtained by non-linear regression were checked graphically to ensure that any anomaly would be detected.
RESULTS
Initial-velocity studies
Studies were made over a wide ranges of concentrations of 2-deoxyglucose and MgATP# − . In contrast with the behaviour with glucose, where the degree of co-operativity varies with MgATP# − concentration [5, 8] , the value of the Hill coefficient with 2-deoxyglucose is unity through the entire range, 0.2-10 mM, of the concentration of MgATP# − , in agreement with previous observations at high MgATP# − concentration [8, 9] .
As a guide to the extent and precision of the data, Figure 1 shows the dependence of the velocity on the MgATP# − ( Figure  1A ) and 2-deoxyglucose ( Figure 1B) concentrations. The pattern of straight lines intersecting in the second quadrant is typical of a ternary-complex (sequential) mechanism, described by the following equation :
where V is the limiting velocity, K i,A is the dissociation constant for the first substrate, and K m,A and K m,B are the Michaelis constants for the substrates [22] . In the specific case of hexokinase D, and assuming that 2-deoxyglucose is the first substrate to bind (as in Scheme 1 below), this equation takes the following form : Values for the kinetic constants were obtained by fitting eqn (2) to the data and then comparing them with those suggested by the secondary plots of the intercepts and slopes (insets in Figure 1) ; a good agreement was observed. The straight lines seen in all cases indicate the absence of other sites for substrates or deadend complexes of substrates and products. The values obtained for the constants are as follows : K i,dGlc l 40.7p2.3 mM ; K m,dGlc l 19.2p2.3 mM and K m,MgATP l 0.56p0.05 mM. The K m value for 2-deoxyglucose is around four times higher than the K !.& of about 5 mM for glucose at the same pH [5, 8, 19] , indicating that the hydroxy group at the C-2 of the sugar ring is important for the reaction. The value of K m,MgATP is similar to that obtained with glucose as sugar substrate [5] , suggesting that the binding of the nucleotide does not depend on the nature of the sugar substrate, a finding consistent with an independent nucleotide site.
The result shown in Figure 1 (A) differs from those obtained in previous studies with glucose [1, 5, 28] , with patterns of lines intersecting in the third quadrant or near the abscissa, which is not seen with 2-deoxyglucose. As the studies of [5] were also made at pH 8.0, this change cannot be explained by a pH difference. A change of pattern with a change in the sugar substrate is also observed for hexokinase A, the brain isoenzyme [29] . As the point of intersection depends on the relative values of K i,sugar and K m,sugar , this change is not surprising, and does not alter the mechanistic implication that the reaction proceeds through a ternary complex.
To estimate accurately the relative limiting velocity with respect to glucose and to confirm the ternary-complex mechanism, (2) is then :
This equation predicts that the reciprocal rate for a ternarycomplex mechanism should show a parabolic dependence on the reciprocal concentration, as long as K i,dGlc is not much smaller than K m,dGlc (see, e.g., [30, 31] ). A substituted-enzyme mechanism would lead to a straight line, as the constant term (K i,dGlc K m,MgATP in eqn 2) is absent from the rate equation. The observed quadratic dependence of 1\ on x confirms that both substrates bind before the first product appears (results not shown). Similar behaviour Kinetic mechanism of rat liver hexokinase D
Scheme 1 Order of binding of substrates and release of products
had been observed with fructose [32] . A parallel experiment done with glucose allowed the determination of both limiting velocities from the intercept of the extrapolated curves with the ordinate axis, and the value for 2-deoxyglucose was about 75 % of that for glucose.
Product-inhibition studies
Inhibition by high concentrations of 2-deoxyglucose 6-phosphate, corrected for the effect of ionic strength, was negligible, indicating very low affinity of the enzyme for this product ; it therefore could not be studied (the inhibition constant for glucose 6-phosphate when glucose is the variable substrate is also very high [7] ). The inhibition by the other product, MgADP − , was studied with respect to both substrates. Figure 2 shows the inhibition by different concentrations of MgADP − with respect to MgATP# − varied over the range 0.7-6.4 K m at a fixed concentration of 2-deoxyglucose of 100 mM (5 K m ). The uncompetitive component of the inhibition was investigated by plotting [MgATP# − ]\ against inhibitor concentration [27] and the competitive component by plotting 1\ against inhibitor concentration [26] . The results show mixed inhibition with similar values for the competitive and uncompetitive inhibition constants, i.e. the inhibition was close to pure non-competitive. This result agrees with a previous report with glucose as substrate [7] , except that the plots with glucose were curved. Inhibition by MgADP − with respect to 2-deoxyglucose is shown in Figure 3 The product-inhibition results support an ordered mechanism with 2-deoxyglucose as first substrate and MgADP − as last product (Scheme 1), with possible formation of a dead-end E $ dGlc $ MgADP − complex by binding of MgADP − to the E $ dGlc complex (not shown in Scheme 1). Storer and Cornish-Bowden [7] postulated a similar mechanism with glucose as substrate, but interpretation of their experiments was complicated by the curvature in some of the plots, and by the co-operativity with respect to glucose, which varies with the MgATP# − or MgADP − concentration. This probably explains why they obtained predominantly uncompetitive inhibition by MgADP − with respect to glucose.
Dead-end inhibition by competitive analogues
Inhibition by N-acetylglucosamine
Experiments at different concentrations of N-acetylglucosamine over the range 0.2-1.0 mM, and various fixed concentrations of MgATP# − over the range 1-8 K m , showed competitive inhibition with respect to 2-deoxyglucose, as expected (results not shown). The apparent K ic value of 0.63p0.04 mM, the dissociation constant of the E $ GlcNAc complex under these conditions, was independent of the MgATP# − concentration. When MgATP# − was the variable substrate, the rates at different fixed concentrations of 2-deoxyglucose in the range 1-9 K m showed mixed inhibition by N-acetylglucosamine with respect to MgATP# − (results not shown). This type of inhibition was confirmed by the pattern of intersecting straight lines in a Cornish-Bowden plot. Secondary plots of slopes and intercepts from the doublereciprocal plots were straight lines, suggesting that Nacetylglucosamine binds to a unique site, as suggested by Moukil and Van Schaftingen [10] . The competitive and uncompetitive inhibition constants, K ic and K iu , were respectively 0.80p0.10 and 0.39p0.04 mM, calculated from
at each concentration of 2-deoxyglucose. The results for inhibition by N-acetylglucosamine are summarized in Table 1 and agree with Scheme 1, as a dead-end inhibitor affects the slope of the reciprocal plot if it and 2-deoxyglucose (as varied substrate) combines with the same form of enzyme or if it combines before MgATP# − (as varied substrate) [21] .
Inhibition of hexokinase D by CrATP
Inhibition by the inert complex CrATP was studied using MgATP# − as variable substrate (concentration range 0.4-6.6 K m ) at 180 mM 2-deoxyglucose ; the inhibition was competitive, as expected (not shown), with a K ic value of 4.5 µM, which represents the dissociation constant of CrATP from the ternary E $ dGlc $ CrATP complex. The secondary plots were linear, supporting binding to just one enzyme species.
Inhibition by CrATP with respect to 2-deoxyglucose at 3.7 mM MgATP# − was uncompetitive, as seen in Figure 4 . Similar results were obtained at different concentrations of MgATP# − over the range 0.45-6.7 K m . Plots of [dGlc]\ against [2-deoxyglucose] gave converging lines, with the intersection point on the ordinate axis, and plots of 1\ against 1\[2-deoxyglucose] gave parallel lines, confirming uncompetitive inhibition, and indicating that CrATP binds after 2-deoxyglucose, in agreement with Scheme 1. K iu was estimated by fitting the data at different concentrations of the fixed substrate, MgATP# − , both to pure uncompetitive inhibition and to mixed-uncompetitive inhibition (to check whether a small competitive component might exist). Similar values were obtained in the two cases. The average value for K iu was 3.92p0.28 µM, assuming pure uncompetitive inhibition, and 4.68p0.14 µM, assuming mixed inhibition. These values were calculated in both cases from K app iu using the relation K app iu l K iu (1j[MgATP# − ]\K m,MgATP ), assuming an ordered mechanism with 2-deoxyglucose as the first substrate. These values are similar to the value of K ic (4.5 µM) obtained when MgATP# − was the variable substrate, in agreement with the interpretation that they represent the dissociation constant of CrATP from the ternary complex. 
Figure 4 Inhibition of hexokinase D by CrATP with respect to 2-deoxyglucose
The concentration of 2-deoxyglucose was varied over the range 10-80 mM at 3.7 mM MgATP 2 − . The convergent pattern in (A) indicates an uncompetitive component [27] and the parallel one in (B) indicates the absence of any competitive component [26] . The inhibition is thus uncompetitive.
Figure 5 Inhibition of hexokinase D by AMP with respect to 2-deoxyglucose
Conditions were as for Figure 1 , except that the concentrations of 2-deoxyglucose and AMP were varied as shown at a fixed MgATP 2 − concentration of 3.6 mM. The combination of convergent patterns in both (A) and (B) indicates mixed inhibition (with both uncompetititive and competitive components).
Inhibition by AMP
The inhibitory effect of AMP was studied using MgATP# − as variable substrate and 2-deoxyglucose as fixed substrate. As expected, competitive inhibition was observed for [MgATP# − ] in the range 0.7-6.4 K m , at different concentrations of AMP (0, 10, 20 and 40 mM ; results not shown). This behaviour was independent of the concentration of 2-deoxyglucose over the range 1.4-9.4 K m , but the values of K app ic decreased with increasing 2-deoxyglucose concentration. This is characteristic of a compulsory order of addition of substrates where the variable substrate (MgATP# − ) is the second substrate, and supports Scheme 1. Thus the inhibition constant K ic is the dissociation constant of AMP from the ternary complex E $ dGlc $ AMP, with an average value of 10.6p0.5 mM.
Inhibition by AMP with respect to 2-deoxyglucose as variable substrate at a MgATP# − concentration of 3.6 mM (6.4 K m ) is shown in Figure 5 . Surprisingly, both plots show mixed inhibition. However, the competitive component of the inhibition Kinetic mechanism of rat liver hexokinase D
Figure 6 Inactivation kinetics of hexokinase D by Nbs 2 : protecting effect of glucose
The residual activity is plotted against time at 2 µM Nbs 2 in the absence and presence of glucose added at different times as indicated by the arrows. Aliquots containing 114 munits of enzyme were preincubated with 2 µM Nbs 2 and then assayed as described in the Experimental section. The closed circles ($) show results when no glucose was added ; note that the points do not fit a straight line. The open circles (#) show the activity in experiments where glucose was added (to a final concentration of 100 mM) at various times (0, 1, 2 and 5 min) after the beginning of the modification reaction.
decreases with a decrease in MgATP# − concentration (the K app ic values increased as the concentrations of MgATP# − decreased) ; at concentrations of MgATP# − of about K m (0.52 mM) or lower, a tendency of the Dixon plot to be curved was observed. At low MgATP# − concentrations the inhibition appears to be mixed, but predominantly uncompetitive. Plots of [2-deoxyglucose]\ against [2-deoxyglucose] at several fixed AMP concentrations show that the slope (1\V app ) varies with the concentration of AMP, indicating an uncompetitive component in the inhibition ; the intersection point on the ordinate axis indicated that this is the main component. The same behaviour was observed at 0.41 mM MgATP# − , which also agrees with a compulsory-order mechanism with the nucleotide as second substrate (Scheme 1). The secondary plot of the intercepts versus AMP concentration for different concentrations of MgATP# − (fixed substrate) showed straight lines with a well defined intersection point (results not shown) and allowed the estimation of K iu as 11.7p0.7 mM, similar to the value of K ic of 10.6p0.5 mM obtained from the experiments when MgATP# − was the variable substrate (both constants correspond to the dissociation constant of AMP from the same complex). The fact that the inhibition by AMP is mixed in relation to 2-deoxyglucose, with a competitive component increasing with an increase in MgATP# − concentration, suggests the possibility of the existence of a binary complex between hexokinase D and AMP. A summary of the results with AMP is shown in Table 1 .
Chemical modification of hexokinase D by Nbs 2
The existence of the E $ dGlc, E $ AMP and E $ MgADP complexes suggested by the kinetic studies was tested with experiments for protection against Nbs # inactivation. Hexokinase D is very
Figure 7 Effect of the concentration of ligands on the inactivation constant by Nbs 2
Conditions were as for Figure 6 , except that the enzyme was inactivated with 2 µM Nbs 2 in the presence of different concentrations, added at time zero, of (A) glucose, (B) mannose, (C) 2-deoxyglucose and (D) ADP as indicated. The reciprocal of the inactivation constant k i,obs is plotted against the ligand concentration. Note that straight lines are obtained.
sensitive to thiol-group reagents, but it totally recovers its activity on addition of dithiothreitol [28, 33] .
Inactivation kinetics of hexokinase D by Nbs 2 Figure 6 illustrates a typical inactivation experiment. The dependence of the remaining activity on time is non-linear, implying that the inactivation involves more than one phase (probably more than two). Plots of reciprocal rate of inactivation against reciprocal Nbs # concentrations from 1 to 200 µM were linear, with a positive intercept on the ordinate, suggesting formation of an E $ Nbs # complex before the covalent modification of the enzyme. Consistent with this mechanism, addition of glucose at any time during the reaction stopped the inactivation, as seen in the Figure, indicating that the binding of Nbs # was reversible and that it could be displaced by glucose. Similar results were obtained with 2-deoxyglucose and mannose instead of glucose. The dependence of the degree of protection against inactivation on the time the protecting ligand is added appears to have been overlooked in studies with alloxan and ninhydrin [28] , and it would explain why, when human hexokinase D was preincubated for 5 min with these inactivating agents, subsequent addition of glucose provided only 60 % protection at most.
Interaction of different ligands with hexokinase D
The enzyme was assayed for inactivation by 2 µM Nbs # , in the absence of substrates, products and inhibitors, and in the presence of one of these. Glucose, mannose and 2-deoxyglucose protected strongly, but MgATP# − had only a very slight effect, decreasing k i,obs by 12 %, in agreement with previous observations [34] . By contrast, the product MgADP − had a substantial protective effect -about 70 % of protection at a concentration of 5 mM -and so does the inhibitor AMP, indicating clearly the existence of binary complexes E $ AMP and E $ MgADP − . In neither case did the simultaneous presence of ATP decrease the effect. The free nucleotides without Mg# + had the same effect. As the complex E $ Glc6P had been detected in isotope-exchange experi-ments [11] , the protection by glucose 6-phosphate was also examined, but no protection was observed at a concentration as high as 100 mM.
Experiments were done at different concentrations of ligands ; plots of the reciprocal value of k i,obs against ligand concentration are shown in Figure 7 . The straightness of the lines with the three sugar substrates supports the view that there is just one sugarbinding site in hexokinase D. At least under the conditions of the experiments, the data give no support to the suggested existence of a second binding site for the sugar substrate [12] .
In contrast with Figure 7 , pronounced curvature was observed with AMP (not shown). This result was reproducible with different preparations of enzyme, and suggests that more than
one molecule of nucleotide could bind to hexokinase D ; the existence of more than one binding site could explain why the inhibition pattern of AMP against 2-deoxyglucose changed from largely uncompetitive inhibition at low concentration of MgATP# − to mixed inhibition at high concentrations of MgATP# − .
DISCUSSION
The initial-velocity studies with 2-deoxyglucose and MgATP# − confirmed that the Michaelis-Menten equation is obeyed by both substrates and demonstrated a kinetic mechanism through a ternary complex. The product-inhibition studies, together with dead-end-inhibition studies and studies of protection against inactivation by Nbs # , support an ordered addition of the substrates to the enzyme with 2-deoxyglucose as the first substrate and MgADP − as the last product, as illustrated in Scheme 1. The strong protective effect of MgADP − against inactivation by Nbs # and the lack of protection by glucose 6-phosphate support the idea that MgADP − is liberated last, as suggested also by the kinetic experiments done with glucose [7] .
There is no support for a random mechanism with both routes working significantly during the catalytic cycle. Nonetheless, if only about 1 % or less of the reaction occurred with MgATP# − binding first, as suggested by Gregoriou et al. [11] , this would pass unnoticed. Although the mixed inhibition of AMP with respect to 2-deoxyglucose observed at high concentrations of MgATP# − would also be compatible with a random mechanism,
Scheme 2 Mechanism of Scheme 1 modified to show inhibition by AMP
AMP is assumed to bind both to the free enzyme, E, and to the binary complex, E $ dGlc.
the other results would not be ; the slight curvature of some plots is likewise not explained by a random mechanism. A more plausible explanation of the mixed inhibition is that the mechanism follows a compulsory order with 2-deoxyglucose as the first substrate, but that AMP binds not only to the E $ dGlc complex but also weakly to the free enzyme, preventing the binding of the sugar substrate (Scheme 2). In the case of CrATP, it is likely that ionic repulsion or its larger size prevent it from binding to this second site, and, in consequence, the inhibition remains largely uncompetitive at all MgATP# − concentrations.
The mechanism illustrated in Scheme 2 leads to the following reciprocal rate equation when 2-deoxyglucose is the varied substrate :
where K iu and K ic are the dissociation constants for the E $ dGlc $ AMP and E $ AMP complexes respectively. This equation allows interpretation of the results in terms of a compulsoryorder mechanism. In this case, AMP would bind principally to the binary complex E $ dGlc at low concentrations of MgATP# − , affecting only the intercept of the double-reciprocal plot of velocity versus 2-deoxyglucose at different concentrations of AMP (uncompetitive inhibition). At higher concentrations of MgATP# − , binding of AMP to the free enzyme can be recognized as a competitive component because the term of the intercept tends to the value of 1\V and the slope is affected by the concentration of AMP, even if the term K i,dGlc K m,MgATP \ [MgATP# − ] in the numerator tends to disappear. When the experimental results were fitted to eqn (4), optimizing the values for K ic and K iu at the experimental values of the kinetic constants K i,dGlc , K m,dGlc and K m,MgATP , the calculated rates agreed reasonably well with the observed values.
The existence of a binary complex between hexokinase D and AMP is supported by the strong protection against Nbs # inactivation ; the non-linear dependence of the protection on AMP concentration supports the idea that AMP can bind to more than one site on the enzyme ; as this curve can be explained by including a term showing dependence on the square of the AMP concentration, it suggests the existence of two sites. Nonetheless, if an AMP $ Nbs # complex were formed, AMP would be able to protect the enzyme against inactivation by Nbs # through two different mechanisms -by binding to the enzyme and by binding to Nbs # . However, NMR studies (results not shown) done under the same conditions used in the chemical modification of the enzyme with 2 µM Nbs # do not support the existence of significant interactions between Nbs # and 5 or 20 mM AMP ; thus the parabolic behaviour cannot be explained by the existence of a complex between AMP and Nbs # . The strong protection against inactivation by Nbs # seen with the sugar substrates agrees with an ordered mechanism with the sugar as first substrate. The binding of the sugar to the enzyme could prevent the reaction with Nbs # for steric reasons, since, in the model of hexokinase D based on the open conformation of yeast hexokinase P II [35] , there are five cysteine residues forming a ring in the region of the active-site cleft, or because the conformational change that it induces in the enzyme [9, 14] could eliminate the interaction of the reactive thiol groups with the solvent. The slight protective effect of MgATP# − supports the possible existence of a complex E $ MgATP# − , but this complex may exist due to the fact that MgATP# − is an analogue of MgADP# − , the last product. We have no explanation for the discrepancy with the isotope-exchange experiments, where the complex E $ Glc6P was detected, but not the complex with MgADP − [11] ; however, this discrepancy existed also in the studies done with glucose [7] , and cannot be attributed to the different sugar substrate. Although MgADP − as last product is surprising, it is very interesting, because it indicates that hexokinase D does not follow exactly the same mechanism as yeast hexokinase, despite some similarity with it. Hexokinase D is the only hexokinase where this order of product release has been reported, but for the high-affinity hexokinases it has been difficult to establish the order, as the problem is complicated by the apparent allosteric inhibition by glucose 6-phosphate [36] and the existence of a second active site in the muscle isoenzyme (hexokinase B) [37] .
No crystal structure is yet available for hexokinase D, but the sequence similarities imply that the crystallographic studies of the P I and P II isoenzymes from yeast constitute a valuable resource for modelling and predicting the functionally important residues in hexokinase D [35] . Although this approach has been successful (see, e.g., [38] ), it needs to be done with care, because the markedly different kinetic behaviour must derive from significant differences in structure, even if they reside in just a few residues [39] . With the present three-dimensional model [35] it appears difficult to visualize release of glucose 6-phosphate or 2-deoxyglucose 6-phosphate before MgADP − , but virtually all the results point in that direction. In this context, glucokinase (EC 2.7.1.2) from Mycobacterium tuberculosis is interesting as another example of an enzyme showing an ordered mechanism with an unexpected order of liberation of products [40] : in the polyphosphate-dependent reaction the enzyme follows an ordered mechanism with polyphosphate binding to the enzyme first and glucose 6-phosphate dissociating last ; in the ATPdependent reaction ATP binds to the enzyme first and glucose 6-phosphate is released last.
In view of all the differences in kinetic behaviour between hexokinase D and other hexokinases, including the yeast enzymes and the high-affinity isoenzymes of mammals, we shall not be surprised if the structure of hexokinase D turns out to be significantly different from the present model. Anyway, this type of study will be useful when crystals become available to allow time-resolved crystallographic studies of the interaction with the ligands.
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